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Abstract
The angular de-flection produced by -flame line heating
a« plat© dimensions are varied, «p«ci f ical 1 y in th« direc-
tion o-f heating, is examined. The behavior is -found to be
similar to that observed when the line o-f heating approaches
a plate edge and the bending, in both cases, can be obtained
-from the same parametric curve. The parameter values de-fin-
ing these curves are related to process variabless the ther-
mal power and speed o-f travel o-f the heat source. Addition-
ally, the in plate variation in bending is characterize.
The application of these -findings to the -formulation o-f
a bending prediction model that incorporates plate dimen-
sions as well as location o-f the heating line is presented.
The extension o-f this model to predict bending at speci-fic
locations within the plate is discussed, and recommendations
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I IMTRODLJC-T I OIM
Industrial applications of metal plate -forming pro-
cesses are numerous. They range from forming the complex
compound shapes of automobile body components to the various
shapes required in the construction of ships and other
marine structures.
The thin plate, high volume applications of the automo-
bile industry are well suited to mechanical forming using
press and die techniques. However, the thick plate low
volume applications encountered in the shipbuilding and
other large scale construction industries require other
methods. The shaping of large, thick metal plate can be
achieved by mechanical forming, thermo-mechanical forming,
or some combination of the two. Mechanical forming of such
large plate is limited to roller or break press methods,
which are capable of producing curvature in one direction
only, precluding the forming of complex shapes, such as in
shell plating for a ship's bow or stern.
Thermo-mechanical methods, primarily that of line heat-
ing, have been used extensively for such shipbuilding appli-
cations for many years. In this technique, a heat source
(usually an oxy-acetylene flame), is passed over the plate
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sur-face to produce thermal stresses in the plate. These
stresses in turn, cause yielding oi the metal resulting in
distortion of the plate. When implemented by highly skilled
workers, who through years o-f practical experience have
developed the art of determining how and where to apply the
flame to produce desired shapes in a plate, the results Are
impressive. Compound shapes can be formed more rapidly and
economically than by other methods, with less investment in
capital equipment. However, the decreasing number of such
highly skilled craftsmen in the work force, coupled with the
continuing requirements of the shipbuilding industry, has
emphasised a need for the development of new thermo-
mechanical forming techniques that can be readily automated.
Toward this goal, the use of a laser heat source, with
its increased stability and high power density, was proposed
by Prof. Masubuchi . This resulted in the currently ongoing
three year study, "Laser Forming of Steel Plates for Ship
Construction ," sponsored by the U. S. Navy and Todd Pacific
Shipyards Corporation, under his direction. The first phase
of this study included an investigation of primary and sec-
ondary factors influencing plate bending, the results of
which are contained in the Phase I Report. *^' Although the
effects of plate thickness and location of the heat source
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were eKamined, the effect a-f varying the plate dimensions
was not.
The investigation of the effects associated with such
changes in plate dimensions, particularly in the direction
of movement of the heat source, is the basis of this thesis.
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THE "TMERMO—MECMrfC^IM I C:^l_ F=^aRM I IMC3
F>PROCESS
2.1 Ganaral Description
In the thermo-mechanical -forming proc«»«, the con-
trolled application of heat is u«ed to produce local thermal
expansion, resulting in transient thermal stresses that
exceed the yield strength o-F the material. This yielding
produces local regions o-f plastic (non-elastic) strain v^hich
result in deformation and movement of the material as it
returns to ambient temperature. The actual process is com-
plex, as it involves the temperature dependent properties of
the metal in the non-uniform temperature field produced by
the heat source. Examples of this temperature dependence
for a representative mild steel are illustrated in Figures
2.1 through 2.3 *"*' . The stress-strain relationships,
determined by three of these properties (yield strength.
Young's modulus, and strain hardening), therefore exhibit
corresponding changes with temperature. Any formal analysis
of the mechanism must be able to address the formidable
problem of accounting for these changes in properties and
relationships with temperature at each point within the
material. An excellent treatment is given in
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"Thmory of Thmrm»l Strmssms" by B. A. Boley and J. H. Weiner
*^' I particularly Chaptars 14 and 16, daaling with the for-
mulation and analysis o-f the problem, respectively.
However, -for the current purpose, a less formal discussion
similar to that given by McCarthy , *=' is presented in the
following paragraphs.
Fundamental to the forming process is the principal
that plastic strain will occur only in the presence of some
restraint that limits the thermal expansion of the material.
As an illustration, consider the uniform heating of a
totally unrestrained steel plate to just below its austen-
tizing temperature, Ai , followed by uniform cooling to ambi-
ent temperature. Although the temperature exceeds that
which would produce plastic yielding (flow) in a restrained
plate, no deformation occurs. The uniform temperature field
and the absence of any restraint allows the plate to expand
and contract by the same amount during the thermal cycle.
However, the presence of an external restraint or a suffi-
ciently non-uniform temperature field will result in defor-
mation.
The amount of plastic strain, produced whenever the
thermal strain exceeds the yield strain of the material and
defined as the difference of the two strains, represents the
amount of deformation available at a given temperature. The

-12-
thermal strain produced is essentially the same -for the var-
ious structural steels since the coe-f -f ici ent o-f thermal
expansion exhibits slight change -For these various steels.
However, the yield strain, which is the quotient o-f the
yield strength and Young's modulus o-f the material, varies
signi-f icantly between the dif-ferent steels. Thus, an upper
limit to the amount of de-formation that can be achieved by
thermo-mechanical -forming is established as a -function o-f
the yield strength o-f the material. It should be noted that
due to the decrease o-f yield strength with increasing tem-
perature, thermo-mechanical -forming can produce bending with
considerably lower and more uni-form residual stress distri-
butions, as compared to similar bending with direct mechani-
cal -forming methods as rolling or break press.
The most commonly practiced method o-f thermo-mechanical
-forming, as previously mentioned, is that o-f line heating in
which no external restraint is applied. In this method, the
heat source (usually an oxy-acetylene -flame or laser) trav-
els in a straight line along one axis o-f the plate. The
restraint producing the plastic yielding is that of the
cooler plate material surrounding that directly under the
heat source. Thus, the temperature gradient in the plate
has a significant effect on the amount of final
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plate de-formation produced. The mechanism can be qualita-
tively described as -folloMsi
As the plate material under the heat source is heated
beyond the point where plastic -flow is initiated, this
region o-f the plate will expand more rapidly than the cooler
surrounding material, and will enter a state o-f compressive
loading. The di-f-ference in loading through the thickness o-f
the plate produces a moment that results in negative
(concave down) de-formation o-f the plate. As the heat source
moves away, this region o-f the plate cools and the compres-
sive plastic de-formation that occurred in the upper portion
o-f the plate produces a state o-f tension. The plate then
rotates de-forming positively (concave up) as it seeks to
achieve equilibrium under this residual tensile stress.
Since the resultant -force and resultant moment produced by
any residual stress must vanish, this implies that the
residual tensile stress must be balanced by a compressive
stress acting in the same section o-f the plate.
This description has served as the basis -for various
analytical models o-f the thermo-mechanical bending in
plates. One such, the Heat De-formation model, developed by
Iwasaki
, et al ^'^^ , is used in the analysis o-f the results
obtained during the current investigation, and will be dis-
cussed in more detail later in this chapter. Although the
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above description o-f the thermo-mechanical procesa iden-
ti-find ••varal major factors a-f-facting the b«nding, thsre
are other -factors that contribute to the behavior. A sum-
mary o-f these -factors is presented in the -following section.
2.2 Factors Af-facting Banding
The factors known to in-fluence the bending process can
be grouped according to their relative contribution to the
overall behavior, as -follows.
Primary Factorsi
1. Yield Strength— The higher the yield strength,
implies that more thermal stress is required to produce
yielding, resulting in less de-formation or bending -for
a given heat input.
2. Heat Input— The amount o-f de-formation depends on
both the maximum temperature obtained at a point during
the heating and the temperature gradient in the vicin-
ity of that point, particularly in the thickness direc-
tion. The heat input to the plate surface, usually
expressed in terms of KJoules/inch , is primarily a
function of the power produced by the heat source
(KJoules /sec.) and the speed at which it moves over
the plate. Another consideration of more consequence
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in laser applications, is the coupling O'f the heat
source to the plate. It should be noted that a higher
heat input does not necessarily imply greater bending.
Z-f the power is too high or the speed too low, more
material is heated to higher temperatures, and less
restraint is available to produce plastic strain.
Similarly, if the power is too low or the speed too
high, the maximum temperature is decreased and less
plastic strain produced. A parameter that has proved
use-ful in relating the bending to the heat input is the
power divided by the square root o-f the speed, P/V/v^
3. Plate Thickness— The dependence o-f the bending on
the temperature gradient in the thickness direction
would indicate that -for each plate thickness their
should exist some particular heat input that would
optimize the bending. However, as the plate thickness
increased, this heat input would also have to increase
until one o-f two practical limits are roachedj 1) the
heat input would result in surface melting or 2) the
plate would become so thick that the volume of material





1. Edge Restraint— The plaetic flow o-f the heated
m«t«rial is d«p«nd«nt on the r««tr«int af-fordud by tho
surrounding cooler material. This can be augmented by
the application of additional external restraint, such
as clamping an edge of the plate. The closer the heat
source is applied to the edge restraint, the more pro-
nounced the bending.
2. Heating Location— Relating to the discussion of
the previous paragraph is the reduced bending obtained
as the heat source is applied closer to a free edge.
Actually, this observed "edge effect" is the conse-
quence of two factors! the reduced material available
to act as a heat sink both in the thickness direction
as well as along the surface of the plate (resulting in
a reduced temperature gradient), and the reduced
mechanical restraint.
3. Applied Cooling— Improvements in bending effi-
ciency should be obtained if the temperature gradient
in the thickness direction is increased. This can be
achieved by forced cooling of the back side (side oppo-
site the heat source) of the plate.
4. Geometric Constraint— The bending produced by the
heat source is affected by the plate geometry. If the
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plate is already curved along an axis perpendicular to
the line o-f heating, the moment o-f inertia would be
greater than if the plate were -flat. This effect
influences the bending obtained when multiple passes at
right angles to each other are used to produce a com-
pound shape.
5. Pre-strain Condition— If the plate has existing
strain due to residual or imposed mechanical stresses
prior to heating, its behavior will be modified. The
presence of compressive strain will result in plastic
flow occurring at lower temperatures (i.e. less thermal
strain required for yielding). Conversely, the pres-
ence of tensile strain will raise the required thermal
strain, raising the temperature required to initiate
plastic flow. This is the primary cause for the
reduced bending observed in successive passes of a heat
source over the same line.
It is one of these secondary factors, namely that of
heating location, that is central to the current investiga-
tion. The variations in bending behavior with plate length
can be considered to be a direct consequence of this effect.
The influence of these "edge effects" in large plates has
been studied for the situation where the line of heating
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is parallel to the edge in question. *^* The e-f-fect on bend-
ing o-f varying the distance betv*^een a parallel edge and the
line o-f heating is depicted in Figure 2.4. This behavior
should b« symmatrical with r«sp«ct to th« plats amntmr with
maximum bending occurring along the center line parallel to
the edges considered. In this case, it is clear that
decreasing edge to center line distance, as in a series o-f
progressively narrower plates, will result in an accompa-
nying decrease in bending. However, -for the situation where
the distance between the plate edges perpendicular to the
line O'f heating is varied, the behavior could exhibit some
di'f-ference -from that previously discussed. Additionally,
the bending produced at di'f-ferent locations along the line
of heating could also di-f-fer, particularly near the edges.
These possible differences being a consequence of the dif-
ferent orientation of the edges. An attempt to examine and
if possible, to characterize this behavior motivated this
investigation.
2.3 Empirical va. Theoretical
The study of the behavior of plates subjected to tran-
sient thermal loading has produced several theoretical and
numerical models that can predict the ultimate residual
stress and strain distributions and resulting deformation.
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The increasing capability and availability a-f computers has
facilitated advances in the area o-f theoretical stress anal-
ysis. This has permitted the development of models, more
capable o-f simulating the complex behavior o-f thermo-
mechanical de-formation. However, depending on the numerical
methods used and approach taken, these models can be subject
to several limitations. Some o-f these are practical i.e.
computer time and cost required; others are analytic, i.e.
the lack o-f an accurate thermo-elastic-plastic model that
can simultaneously couple the thermal and mechanical
e-f-fects. This last limitation results in the current prac-
tice of dividing the analysis into two partsi the thermal
history (usually from experimental results) is established,
and then served as input for the stress-strain analysis. A
detailed discussion of this type of analysis, emphasizing
the applications to the study of weld induced distortion, is
found in Professor Masubuchi's Analysis of Umldmd
Structurms. *^* It should be noted that in many practical
applications, complete theoretical models are not required.
The ultimate goal of the current research project, directed
by Professor Masubuchi , i.e. the development of automated
processes for the thermo-mechanical forming of steel plate,
especially the high strength steels used in Naval applica-
tions is an example. Computer prediction models based on
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experimentally determined empirical data can be used to con-
trol the automated process. Consequently, it appears that
the most e-f-fective approach remains one of combined experi-
mental work with theoretical stress analysis.
Part of the current effort is to determine parameters
that will permit improved predictions when dealing with
plates of varying dimensions,
2.4 Speci-fic Models
In the course of this investigation, two models were
considered for analysis of the experimental results and
merit additional discussion. The following paragraphs out-
line the Heat Deformation Model presented by Iwasaki , et al
^~"*
,
and the Elastic-Plastic Model presented by Iwamura and
Rybic^::i . '^'
Heat Deformmtion Model
The basic approach is that of considering the thermal
transient to occur in a series of discrete steps in both
space and time. This is accomplished by viewing the plate
section at three time frames. The initial time frame is
that of an unrestrained plate section of unit thickness at
ambient temperature. The second time frame considers the
plate section with the heat source directly above it and the
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top sur-face at maximum temperature. At thi* point, the
plate section is treated as i -f it consists o-f -four regionss
a top region o-f thickness n at a temperature T/, , a bottom
region o-f thickness 1-n at a temperature 7,-, and two side
regions o-f unit thickness at ambient temperature that sur-
round the heated regions. The values o-f n, T/, , and Tr- Are
calculated using a model o-f the temperature field, and the
plastic strain produced in th© top region determined by the
dif-ference in the thermal strains experienced by the top and
bottom regions less the yield strain of the material at T/,.
The third time -frame is that of the plate once again at
ambient temperature, but now the compressive plastic strain
formed during heating is producing tensile stress in the top
region which is balanced by a compressive stress in the bot-
tom region, resulting in bending. Application of equilib-
rium conditions and stress-strain relationships then provide
an expression for the bending moment in terms of a the plas-
tic strain produced. Young's modulus at ambient temperature,
and the determined thickness of the T^ region, n. The pre-
dicted bending is then determined using the moment of iner-
tia of the plate section and an effective width, m, also
determined from the temperature field.
The procedure for determining n, T/, , Tr- and m is fully
discussed in the reference. But, it can be described as
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followsa n is that distance -from the top o-f the plate in
Mhlch yielding is expected to occur at maximum temperature;
T ft is the temperature at n/25 Tr- is the bottom temperature
when the top sur-face is at maximum temperature; «/2 is that
distance -from the center of the section where the tempera-
tures at n and the plate bottom are such that yielding no
longer occurs.
This model lends itsel-f -for very rapid real-time pre-
dictions o-F the bending per-formed on micro computers i-f pro-
vided with temperature inputs.
iMitmurm »nd Rybicki ' s Hodml
This two dimensional model considers the temperature
dependent properties and includes elastic-plastic relations.
Although incremental loading is used, the assumption o-f the
stress paths -for loading and unloading made by the authors
results in a simpli-fied set o-f stress-strain relations. The
basic approach is to consider, -for each load increment, that
the total strain in the plate depends on the two dimensional
variables, but in a linear manner with respect to each.
The mechanical strain is taken as the di-f-ference between the
total and thermal strain at each point. The total strain is
estimated by applying equilibrium conditions for the stress
through the plate thickness, where this stress is expressed
in terms of the total and thermal strains. This provides
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the computational algorithm with the iteration required to
solve the resulting system o-f non-linear equations.
The displacement and deflection is then calculated for
each load increment at each point in the grid representing
the plate. The accumulated effects at the end of the ther-
mal cycle are then used to calculate the residual strain and
stress distributions predicted for the plate along with the
distortion and deflection.
The predicted behavior is in very good agreement with
the results of experiments performed by the authors using a
very narrow, but thick metal plate.
An attempt to use this method to develop a computer
model to serve as an analytic tool during the current inves-
tigation was undertaken. However, problems in convergence
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3. 1 Ganaral Approach
To study the overall dependence O'f plate bending
(de-flection) on length, plates o-f varying length but of the
same width and thickness were line heated. The actual
experiments were conducted in 3 parts as outlined in the
-following paragraphs.
A preliminary experiment, consisting o-f a series of 4
plates (designated 0-1 through 0-4), was conducted using a
constant heat input. The results obtained indicated that
subsequent experiments should include larger plates, and
that as was expected, deflective behavior at the plate edges
differed from that at the plate interior.
The largest plate of the series ( 12"x 18"x3/6" ) was then
cut into strips perpendicular to the direction of heating.
The out-of-plane distortion after each cut, in the strips
and the remaining plate, were recorded to provide data
pertaining to the in plate deflective behavior noted.
Two follow-on experiments, each consisting of a series
of 6 plates (designated 1-1 through 1-6 and 2-1 through 2-
6) , were then performed. One of these experiments was
conducted at the same heat input as the preliminary
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experiment; the other at a reduced heat input (approximately
1/2 that o-f the preliminary experiment). The heat input,
expressed in terms o-f P/Vv", Mas estimated -from temperature
measurements obtained for each experiment.
3.2 Matarials and Equipment
The metal plate used in each o-f the experiments was
Hot-rolled ASTM A-36 Low Carbon Steel plate. This material
was not subjected to any special treatment. No attempts to
remove any existing residual stresses -from the rolling
process were made. The sur-face preparation consisted only
o-f cleaning and did not include any machining, other than
grinding o-f the edges to remove metal burrs -from the cutting
o-f the plates to the required size by the supplier.
The dimensions o-f the plates used -for each experiment
Are given in the Tables 3.1 and 3.2.
Commercially available oxy-acetylene torches were used
-for all o-f the experiments. The larger torch (an AIRCO type
800 with a #7 tip> produced average temperatures o-f 1000
degrees C and 506 degrees C at the top and bottom sur-faces
respectively. The other torch (a PUROX type W-200 with a #6
tip) produced average temperatures o-f 508 degrees C and 221
degrees C at the top and bottom sur-faces respectively.
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Th« t«mp»rAturtt m«asur«ments wars m«d« with «n
unshielded 1/8" diameter K-type Chromal-Alumel thermocouple
mounted at the end o-f a ceramic tube -for support. The
thermocouple was connected to an electronic ice point
reference device, whose voltage output (in millivolts) was
read on a digital voltmeter. This voltage data was then
converted to the corresponding temperatures. The choice o-f
the bead size was dictated by the need -for a relatively
small thermocouple time constant.
The mechanical dial indicator used -for distortion mea-
surements had a range o-f 3 inches with an accuracy o-f 0.0005
inch (i.e. direct reading to the nearest 0.001 inch).
3.3 Expari mental Satups
In all the enperiments, the plates were simply
supported along lines parallel to the line o-f heating, and
at a distance o-f one fourth the plate width (4.5 inches)
-from each edge. The torch was mounted to a variable speed
electro-mechanical carriage, set at a speed o-f 7,5 in/min
-•-/- 0.5 in/min, to move the -flame over the plates at
constant speed and torch tip height. This arrangement is
illustrated in Figure 3.1.
To determine initial (pre-heating) and -final (post-
heating) plate distortion, a -flat (granite) table was used
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to support the plates, and the mechanical dial indicator
a-f-fixed to a -flat block, was used to measure the out o-f
plane distortion o-f the plates.
The cutting o-f the one plate •from th» preliminary
experiment was done on a band saw at slow speed to minimize
the introduction o-f additional distortion due to local
heating in the vicinity of the cutting line.
Temperature readings were taken at -four locations on a
representative plate -for each of the two heat input levels
used. These four locations were the top and bottom plate
surfaces both at near edge (0.5 inches from the edge), and
at the plate interior (5 inches from the edge). These
measurements were obtained using the bead type thermocouple
in contact with the plate surface. The top surface
measurements were taken at a point 0.5 to 69.75 inches behind
the moving torch with the thermocouple bead shielded from
the deflected hot gases from the torch flame by a ceramic
plate, as illustrated in Figure 3.2. However, with the
larger torch, the increased volume of deflected gases made
it difficult to obtain accurate readings, even with the
ceramic shield. The bottom surface measurements were taken




Each axperiment was carried out in three steps or




surface cleaning o-f each plate to be used in the experiment,
followed by the marking o-f a reference grid on the top
surface. Then initial out of plane distortion of each plats
over its surface was measured using the flat table and
mechanical dial indicator and the raw data recorded.
Line Heating Procedure. In preparation for the actual
line heating, the plates were placed on the support struc-
ture. Alignment of the plates and leveling of the support
structure to ensure consistency of torch tip position and
height over all the plates, was then performed. Finally,
torch travel speed was set and measured by operating the
carriage. Then the actual line heating of the plates was
performed. The average torch speed was again measured dur-
ing the heating. The plates were then allowed to cool, in
air, to room temperature.
Final Measurement Procedure, The out of plane distor-
tion of the cooled plates was then determined in the same




The raw data, in the form o-f the relative out of plane
distortion, was then converted to angular deflection along
each grid line and an average angular deflection for each
plate calculated. To accomplish this, a linear regression
of the raw distortion readings versus distance from the line
of heating along each grid line was performed. This
resulted in two straight lines, each perpendicular to and
extending from the line of heating to the corresponding
edge. The angular deflection along each grid line was then
calculated using the slopes of these two lines. This was
done for the initial (pre-heating) and final (post-heating)
distortion readings at each grid line. The actual heat
induced bending of the plates along each grid line,
expressed as angular deflection, was then taken as the
difference of the final and initial angular deflections for
that grid line.
For the preliminary experiment, the additional
procedure of cutting of the larger plate (0-4, 12"x lQ"x3/8" )
into 1.5 inch strips about each grid line perpendicular to
the line of heating was performed. After each cut, the
relative out-of-plane distortion at points along the grid
lines on the plate as well as the cut strip were measured.
This raw data was then converted to angular deflections, as
outlined in the previous paragraph.
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* THESE FOUR MERE STAMPED OUT (PRESS CUT) FROM A LAR6ER PLATE, INSTEAD OF CUT FRON
PLATES HOT-ROLLED TO THEIR RESPECTIVE LENGTHS, AS THE SMALLER PLATES IN THE SERIES.



























The actual data obtained -from the three experiments
per'formed described the bending as a function o-f position at
various points along the line oi heating in each plate.
This data could be used directly to examine the "edge
e-f-fect" associated Mith the location o-f the heat source
within each plate. However, to study the influence o-f plate
dimensions (length) on bending, an average de-flection was
calculated -for each plate.
These experimental results indicated that bending
varied within the plate, generally being less at the plate
edges, and that bending decreased with decreasing plate
length. The results supporting these observations Ara pre-
sented and discussed in the remainder of this chapter.
Additionally, the results of the temperature measure-
ments taken at the top and bottom surfaces of representative
plates for each heat input, are presented in Table 4.1.
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4.2 Angular da-Flactian vs Plata langth
The enperimental results relating to this behavior aro
presented in Table 4.2, in which the angular de-flections
given represent plate averages. The general pattern
observed in each case is the same, that o-f decreasing bend-
ing with decreasing plate length. The scatter exhibited by
the data is attributed primarily to existing residual stress
distributions in the plates themselves, which could di-f'fer
widely -From plate to plate. As commented in Table 3.2 oi
the previous chapter. Hot-rolled plates were used, to which
di-f-ferent cutting and edging techniques were applied to the
dif-ferent plates by the commercial supplier.
To -further increase the data available -for analysis and
to examine possible behavior variations with a di-fferent
type o-f heat source and di-f-ferent plate thicknesses, LCDR W.
H. Luebke graciously permitted measurements to be taken o-f
plates line heated in experiments per-formed in the course o-f
his investigation. **** These experiments were conducted
using a variable power laser as the heat source, operated at
power levels and travel speeds comparable to those used in
the experiments presented in this thesis. Luabke's experi-
ments examined the behavior o-f steel plates with thicknesses
o-f 3/B", 1/2", and 5/8", and lengths o-f 1", 10", and 20".
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In both cases, laser and flame line heating, the same width
(18") plate was used. This data is summarized in Tabla 4.3.
The results obtained •from both the flame and laser
experiments served as basis for parametric studies performed
in Chapter S.
4.3 Angular Da-Flaction vs. In Plata Location
The data used to determine the bending along each grid
line for each plate of the first follow-on enperimant, is
fully detailed in Tables 4.4 through 4.6. Additionally, the
data obtained in the cutting of the largest plate of the
preliminary experiment is given in Tables 4.7 and 4-8. In
both sets of data, the resulting angular deflections show
variations in bending through the respective plates.
However, the results of the follow-on experiment exhibit
considerable scatter, particularly for the large plates,
masking in part any general trends. To identify such
trends, both a linear and quadratic least square fit was
performed on the data for each platej the results of which
are presented and discussed in Chapter 5. The tabulated
results for the cut plate, however, do provide a very clear
pattern. The bending of the outer strips is definitely
reduced, with an overall increase in bending between the
strips when viewed in the same direction of travel as the
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heat source. This reduced bending at the edges ^as expected
from the discussion o-f secondary -factorsi however the
overall increase in deflection along the length of the plate
was not. This implied asymmetric behavior with respect to
the plate center. A possible explanation of which is given
in the next chapter. It is noted that the linear and
quadratic least square fits result in curves presenting
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The analysis o-f the result* presented in the previous
chapter was divided into two partso angular de-flection vs.
plate length and angular de-flection vs. in plate location
(or edge e-f -f ects) . The approach taken when considering
bending vs. plate length was -first to compare the results
with the already existing body o-f data and secondly, to ap-
propriate analytic models. A parametric study was per-
-formed, and parameter values related to already established
parameters describing plate bending. The analysis o-f the
edge behavior, for which less existing data is available,
was less quantitative. The observed bending behavior was
described in terms o-f a qualitative model, and an attempt to




SS.2 Angular Da-flactian vs. Plata Langth
The analysis o-f the experimental data relating to this
behavior considered -first the validity o-f the results, both
in the light o-f previous experimental data, and also with
established models for thermo-mechanical bending o-f plates.
The major source o-f existing experimental data used -for com-
parison was the Phase I Report. In particular, the results
o-f the parametric study o-f P/V/v" vs. 8^ . The angular de-flec-
tions of the larger plates (1-6 and 2-6) corresponding to
the estimated values of P/V/v~used in the two follow-on
experiments were superimposed on the existing graph of P/v/v"
vs. 9t . Figure 5.1 illustrates that these added data points
fall in a region between the curves depicting the behavior
of the 1/4" and 1/2" plates, exhibiting the same general
pattern. Additionally, the trend of increasing angular
deflection at a decreasing rate noted in the preliminary and
follow-on experiment, is very similar to that observed for
the line heated 12"xl2"xl/2" plate (P/"s/v"»«l . 8) depicted in
Figura 2.4, in which heating was along lines parallel to the
plate edge. The laser line heating data also exhibited a
similar trend. The major factor expected to influence this
behavior, as discussed in Chapter 2, is related to the prox-
imity of the plate edge. Decreasing the plate dimension in
the direction of heating reduces the amount of plate
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material available to provide mechanical restraint and act
as A heat sink. 80 as plate length is reduced, the "edge
e-f-fects" should progressively dominate, reducing the amount
o-f bending in the same manner as outlined in the discussion
of the expected o-f reducing the plate width given in Chapter
2. The transition should be a gradual one.
In this case, the angular de-flection observed in a
plate of a given length could possibly be determined based
on the distance from the plate center to the perpendicular
edge, i.e. by L/2. To examine this possibility, the results
of the line heated 1/2" plates (obtained under experimental
conditions that best approximated those specified in Figure
2.4), were plotted as a function of L/2. The curve so
obtained was then superimposed on Figure 2.4. The result,
depicted in Figure 5.2, is that the 2 curves essentially
coincide. The implications of this correspondence is that
the effect of varying the plate dimensions on bending is the
same for the length as for the width, and can be predicted
using the same curve that describes the bending as the line
of heating approaches a plate edge parallel to it. There-
fore, not only do the results appear to be in general agree-
ment with previous experimental data, but they also afford a
means of accounting for the plate dimensions in the plate
bending predictions, provided the curve is known for
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that particular plate and value o-f P/V/v". The parametric
studies discussed later in this section address how this
curve should relate to P/V/v".
The heat de-formation model Mas used to examine quanti-
tatively the expected large plate de-Flection with respect to
measured top and bottom plate temperatures. The results O'f
these calculations are summarized and compared to the exper-
imental results in Table 5.1. The model underestimates the
experimental values by a factor O'f approximately 2.5. This
Mas in -fact predicted by Luebke, based on results obtained
during the course of his investigation. When this model was
applied in his studies of bending with variations in plate
thickness, it was noted that the model underestimated the
distortion for plates of thickness less than approximately
0.58" and overestimated the distortion for plates of greater
thickness, with the variation being a linear function of
thickness over the range studied. For a plate thickness of
3/8" a correction factor of 3.0 was determined. Therefore,
the corrected prediction and experimental results appear in
reasonable agreement.
In order to value narrow plate deflection, the analytic
model developed by Iwamura and Rybicki was considered. As
mentioned in Chapter 2, a serious attempt to develop a
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computar program based on the model Mas undertaken. How-
ever, stability problems relating to the calculation of the
mechanical strain at points along lines through the plate
strip could not be adequately resolved. The integration o-f
the stress estimating -functions along the thickness o-f the
plate appeared to produce alternating stable con-figurations
primarily during the transition -from heat up to cool down.
This resulted in premature termination o-f the iterative pro-
cedure prior to the cool down phase. Results produced dur-
ing the heat up phase o-f the computer simulation did appear
to be in agreement with observed behavior -for that point o-f
the thermal cycle, speci -f ical ly that o-f out-o-f-plane distor-
tion and angular deflection. However, the inability to
carry the calculations on through the cool down phase, did
not permit useful quantitative output predicting the final
distribution of residual stresses and resulting deflections
to be obtained. A quantitative comparison with Iwamura and
Rybicki's published results is not valid due to the inherent
differences in the narrow plate modeled <5mm wide, SOmm
thick, 500mm long) and the experimental procedures
(differences in the application of heat, use of forced cool-
ing) as compared to those presented here. In a qualitative
sense, the angular deflections (both theoretical
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and experimental) that they obtained, O'f 3.5 mi 1 1 i~radians
does compare favorable with those obtained -for the narrow
platett (platan 0-1, 12.7 milli-radsj plat© 1-1, 4.3 milli-
radsj plate 2-1, 7.9 milli~rads>.
Characterization o-f the behavior, in the -form of a
parametric study, was then undertaken. The behavior sug-
gested a functional relationship of the form:
a*. (L) = Ad-e-^*-)
where St » total angular de-flection,
L =» the plate length.
Further, it was expected that both parameters, A and B,
should be related to the value of P/V/v" correspondi ng to the
experiment. Clearly, the limiting value of the relation-
ship, A, would be the bending obtained in large plates for a
given thickness, and so dependent on P/^/v"as expressed in
the parametric studies of the Phase I Report. The decay
constant, B, on the other hand could exhibit more dependence
on velocity than provided by the parameter P/W7
The results of the parametric study are contained in
the Appendix. The study included the preliminary experi-
ment, the 2 follow-on experiments, as well as the laser line
heating data. It was -found to be more meaning-ful to average
the data when possible, to reduce random effects. In par-
ticular, the data o-f the preliminary and second -follow-on
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exporiments were averaged -for the -first -four plate* and the
laser line heating data was averaged -for each o-f the 3
thickness o-f the plate considered. A summary o-f the parame-
ter values, A and B, obtained in each case is given in Table
5.2, accompanied by the corresponding power and speed data.
A preliminary comparison indicates that A does indeed depend
on P/V/v" as previously described, and that B appears to be
proportional to P/v "^ , with n in the range o-f 0.5 to 1.5.
Given the correspondence o-f de-flective behavior with respect
to distance -from both the parallel and perpendicular edges,
these parametric curves would then serve to predict bending
of a plate based on its dimensions and the location o-f the
line o-f heating.
5.3 Angular D«-flaction vm. In Plata Location—
Edg* Ef-fects
Given the signi-f icance o-f edge e-ffects on the bending
of narrow plates, a more detailed study o-f these ef-fects was
conducted. Commencing with the preliminary experiment, the
0-4 plate was cut as previously described to provide infor-
mation that could serve as a basis -for such a study. The
most immediate result was that of the asymmetry in the
behavior. Di-f-fering -from the previously discussed symmetric
behavior as heating along lines parallel to the plate edge
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progresses from one edge to the other (neglecting any di-f-
fering residual stress distributions already present), the
plate exhibits varying amounts of bending as the heat source
enters over and exits the corresponding perpendicular <to
the line of heating) edges. This variation Mas noted in the
majority of the plates studied, generally presenting the
same pattern. This pattern was of reduced bending at the
entrance edge of the heating source, increasing at an
increasing rate over a portion of the interior, then at
essentially constant rate, until approaching the far edge of
the plate where bending again decreased but not as much as
at the entrance. The angular deflection profile, graphed in
Figure 5.3, of the cut plate segments clearly illustrates
this asymmetry. A quadratic least squares fit resulted in a
very close correspondence. The plate strips had been cut
out sequentially, progressing in the same direction as the
heat source, with the first strip cut being centered about
the 11.25" grid line. The bending at this edge was approxi-
mately 75V. of that at the far edge and 64'/. of the maximum
bending as measured in the free strips.
An attempt to verify similar behavior in other plates,
without the need to section each plate, led to performing
the linear and quadratic least squares curve fittings to the
data corresponding to the first follow-on experiment (plates
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1-3 through I-65 plates 1-1 and 1-2 were purposely excluded
as being too narrow) mentioned in Chapter 4. The graphs,
given in Figures 5.4 through 5.7, show the same behavior in
2 o-f the 4 plates. In all cases, the general trend is for
angular deflection to increase through the length o-f the
plate interior. The marked differences in the other two
plates (1-4 and 1-6) are expected to be principally due to
unrelieved stresses from the plate forming process, i.e.
rolling, press cut, etc. A qualitative description of the
expected mechanism producing this behavior is outlined in
the following paragraph.
Consider that an effective length exists, which defines
the plate material adjacent to that beinq heated by the
torch, that contributes directly to the restraint experi-
enced by the material under the torch. Further, that the
plate is divided into strips perpendicular to the direction
of travel, of width given by this effective length. As the
heat source moves over the first such strip, the bending
that will be produced is determined by the restraint pro-
vided by the adjacent interior strip and the thermal gra-
dient through the plate. Neglecting the thermal gradient
effect, this strip sees "one unit" of restraint as it begins
to deflect downward. As the heat source moves over the sec-
ond strip, the out board strip is starting to approach
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zero deflection bo this second strip is subject to essen-
tially "2 units" o-f restraint (one -from each adjacent
strip). The third strip will likewise receive "2 units" of
restraint -froni the second and fourth strips, but the first
is now deflecting positively and will, through the second
strip, provide an additional restraining moment. The third
strip is then subjected to "3 units" of restraint. The
sequence will repeat itself, with the restraint increasing
for each successive strip, as previously heated strips cool
and continue to deflect positively. Sufficiently into the
plate interior, the first strips will have attained maKimum
positive deflection and so no longer act to increase the
restraining moment; each successive strip is receiving the
same amount of restraint. Finally, as the far edge is
approached, the available restraint decreases. The amount
of bending produced in each strip, varies in a likewise man-
ner.
The reduced temperature gradient at the edges, ne-
glected in the above, also influences the bending. This
then leads to the question of the relative contribution of
each effect; reduced material restraint and reduced tempera-
ture difference between the top and bottom surfaces of the
plate. An attempt to provide an answer was made using the
heat deformation model to estimate the thermal contribution,
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and than comparing this with the total effect as seen in the
cut plate. The representative temperature measurements
taken at the near edge and interior, at both top and bottom
surfaces were used to calculate the bending that would be
expected due to temperature effects only. The results of
the calculations, including intermediate values used in the
heat deformation model, have been already given in Tabla
5.1. The ratio of the angular deflections corresponding to
the temperatures at the edge to that of the temperatures of
the plate interior was found to be 0.91. The ratios of the
edge deflections to the maximum deflection for the cut plate
were found to be 0.65 for the entrance edge and 0.92 for the
exiting edge. This would indicate that the major effect at
the entrance edge is that of the decreased material
restraint, accounting for approximately 70'/. of the reduction
in bending at that edge. At the exiting edge, the situation
appears more complicated. The mechanical restraint due to
the deforming geometry of the plate interior would appear to
act in opposition to the combined effect, resulting in the
0.92 ratio. A similar calculation was performed for the
temperatures recorded for the first follow-on experiment,
with values also given in Table 5.1. However, comparisons
with the recorded data for that experiment proved less
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cancluaive, with (no«t plates Bhowing ratios of edge deflec-
tion to interior deflection of approKimately 0.95.
The inconclusive nature of these last comparisons could
be interpreted as an indication that other related secondary
factors, such as that of geometric restraint, Are also con-
tributing to the behavior, particularly at the exiting edge.
Since the variations in bending being considered are rela-
tively small and close to the limits of the measurement
techniques used, further experiments focusing on this aspect
should be performed. The increased data would reduce the
random influence of pre-stress conditions of the plate. If
the coefficients describing the quadratic behavior can be
determined for a plate then this would provide a means of
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DISTANCE FROM THE PLATE EDGE, mm
K—INDICATES VALUES OF Q,- PLOTTED AT DISTANCES CORRESPONDING
TO HALF THE PLATE LENGTH FOR LASER HEATED (P/VV^2.1) 1/2"
PLATE
FIGURE 5.2 COMPARISON OF THE EFFECT OF LOCATION OF HEAT









PUkTE 0-4 AFTER CUTTING INTO STRIPS
2.25 5.25 8.25
DISTANCE ALONG HEATING UNE (in)
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PLATE 1-3 DIMENSIONS: 9" X 18" X 3/8"
0.00 3.00 6.00 9.00
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PUTE 1-4 DIMENSIONS: 12" X 18" X 3/8"
I J—Jk
0.00 3.00 6.00 9.00 12.00
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PUTE 1-S DIMENSIONS: 18" X 18" X 3/8"
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Pl>TE 1 DIMENSIONS: 18" X 18" X 5/8"
0.00 18.00
DISTANCE ALONG HEATING UNE (tn)
ACTUAL + QUAD O UNEAR




The analysis presented leads to the following conclu-
si ons;
Angular da-flaction vs. plat* langth
1. The observed behavior o-f decreasing bending with
d«c:r»««ing length is a direct result o-f the increasing
influence of "edge effects."
2. The average plate deflection for a given length, L,
is found to be the same as that determined for heating
parallel to an edge at a distance of L/2,
3. The behavior can be characterised by the relation:
Qt (L)«=A<l-e--'^'-)
,
where the parameters A and B can be related to physical
parameters as follows;
i) A is directly dependent on P/W in the same
manner that parametric studies have shown 9t to
depend on P/V/v".
ii> El is proportional to P/V*^ with n estimated to
be in the range of 0.5 to 1.5.
Angular de-flaction vs. in placa location
1. The observed bending behavior along the line of
heating varies in a manner similar to that of when the
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distance between the line of heating to a parallel edge
i S8 varied, but is not symmetrical with respect to the
plate center.
2. This asymmetry is a consequence o-f the di-f'ferent
orientation o-f the edge considered, and can be
explained qualitatively from basic factors influencing
bending, i.e. available material restraint.
3. This variation in bending with location appears
parabolic in nature subject to the following condi-
t i ons:
i) the shape is concave down;
ii) the bending at the entrance edge is less than
that at the exiting edge of the plate with respect
to heat source movement.
4. Of the two effects contributing to the bending at
the edges (i.e. that of reduced material restraint and
reduced temperature variation (gradient) through the
plate), the reduced material restraint appears to domi-
nate.
It should be noted that an important consequence of the
above conclusions is that a model for predicting the actual
bending at any point in a plate can be readily formulated.
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The ef'fectB o-f plate length in the direction o-f heating
and o-f the distance o-f the line o-f heating from a parallel
edge on angular de-flection can be determined as described
above. Likewise, the e-ffect o-f position along the line o-f
heating on de-flection could be determined using the
parabolic characterization described above. The combination
o-f these would provide the angular de-flection at a given
point. However, further studies of a parametric nature
would be required to determine appropriate coefficients
describing the parabolic behavior.
In summary, the conclusions presented above provide a
better understanding of the bending behavior in plates of
varying dimensions (length and width). Additionally, this
behavior can be characterized in terms of parameters related
to physical inputs to the thermo-mechanical forming process
i.e. power and speed. Thus permitting the development of a
model capable of predicting bending that can incorporate the
actual dimensions of the plate, and the location and orien-
tation of the proposed line of heating. This predictor
model can be readily integrated with existing algorithms
used to predict the general large plate deflection. More-
over, this model could be extended to include actual varia-
tions in bending within the plate if additional studies can
verify and characterize the apparent parabolic behavior
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observed. There^fore, the conclusions achieved in this study
have contributed si gni -f i cant 1 y to answering the questions
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The graphical results o-f fitting a curve of the -form,
Bt-. (D'^^Ad-e-^^'^-)
,
to the plate length vs. bending data for flame and laser
he>«ting «r© contained in this appendix. The parametric
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FOLLOW-ON EXPERIMENT § 1
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FIGURE A. 4 FLAME HEATING 3/8" PLATE— AVERAGE OF
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c.l Mechanisms in thermal
mechanical forming of
plates.

